Changes were assessed in urban wastewater treatment plant (WWTP) effluent quality during short-term storage in open surface ponds. Water quality was monitored over five years at the inlets and outlets of open storage ponds located at three biological nutrient removal plants.
INTRODUCTION
The climatic trends of declining rainfall and increasing average temperatures, observed in Australia over the last 50 years, are predicted to continue into the future with an estimated 2 -5% decline in annual rainfall and a 20% increase in drought conditions by 2030 (CSIRO 2007; IPCC 2007) . In fact, severe widespread droughts, in some cases the longest on record, have been experienced recently and have produced water shortages throughout most of the country. The sustained stress on conventional water resources, such as rivers, dams and aquifers, experienced during these droughts, has highlighted the urgent need to develop alternative water sources, such as recycling the treated effluent from wastewater treatment plants (WWTPs).
Such alternatives are required to mitigate the demand on potable water supplies not only in inland arid areas but also in heavily populated coastal regions of Australia (Radcliffe 2004) . The widespread introduction of household water restrictions in Australia, during the recent droughts, and the growing public acceptance for water recycling options for domestic use (Hurlimann & McKay 2007) have promoted the use of WWTP effluent as an alternative source of water.
Despite this recent swing in public acceptance, in principle there is still considerable concern about the quality of treated effluent (Higgins et al. 2002; Po et al. Australia (Queensland Government 2007) and elsewhere (WSAA 2006; NRMMC 2008) . The environmental downside of this approach is the considerable energy demand and associated greenhouse gas emissions that would accompany this solution, except, in the rare event, where nuclear power or renewable energy is locally available. In essence, this practice would exacerbate the climate change which is one of the key drivers for water shortages in the first place. For example, the amounts of energy required for producing and transporting source water for drinking from the One of the most common, yet critical, post-treatment steps in many urban WWTPs is the short-term storage of treated effluent in open surface ponds, prior to discharge to the environment or entry into the recycled water distribution system. Such ponds are exposed to, inter alia, sunlight, wind-induced mixing and sediment re-suspension, introduction of pathogens through wild animals, especially waterfowl, and deposition of wind-borne external pollutants. Other alternatives such as long-term or seasonal storage in reservoirs (Azov & Shelef 1991; Fattal et al. 1993; Liran et al. 1994 
METHODS
Water quality monitoring data used for this study was 
Sample collection and water quality analysis
Licence conditions stipulated that the WWTPs had to be operated so that total nitrogen (total-N), total phosphorus Analyses for nutrients, COD and TSS were performed on composite grab samples collected from secondary sedimentation tank outlets, prior to the storage pond inlets, and also on 24 hour composite samples collected at the storage pond outlets. Each faecal coliform value for each storage pond inlet was the median value of 5 grab samples collected, over a 28 hour period, from the outlet of each chlorine contact tank just prior to the storage pond inlets.
Faecal coliform concentrations (CFU/100 ml) for the pond outlets were determined on single grab samples, collected at the pond outlets, at the end of the same 28 hour period used for pond inlet samples. As this study utilised historical monitoring data, effluent quality was assessed at the sampling points at similar times with no opportunity of studying the same slug of water as it travelled through the storage systems. This problem was mitigated to some extent by the flow balancing effect of the storage ponds and the collection of daily composite samples at the pond outlets.
Data analysis
Faecal coliform concentrations were transformed to log 10 (CFU/100 ml þ 1) for all descriptive and inferential statistics. Time sequence plots were generated to illustrate differences between the storage pond inlets and outlets and to examine any variations of these differences with time or season. A non-parametric Wilcoxon signed-ranks test was used to analyse the differences between water quality values in paired samples from these sites. This test negates the need for the underlying distribution to be normal and is unaffected by the potential for sample variance heterogeneity due to the different sampling methodologies.
A Monte-Carlo permutation test was used to avoid issues pertaining to dependent observations.
The water quality data was summarised using means and standard errors for each site. To assess quality variability, the number of outlier or extreme outlier values, defined as those being respectively .1.5 or . 3 times above the third quartile or below the first quartile, were counted for each variable. Spearman correlation analysis was conducted to examine the relationships between water quality values and either flow, rainfall or temperature. All analyses were performed using SPSS w version 13.0.
RESULTS AND DISCUSSION
All data examined in this survey included outlier values which may have been caused by a range of factors including changes in influent flow owing to rain, treatment plant operational changes, unplanned industrial discharges into the sewer system or sample contamination. These outlier values are, however, part of a typical data set and need to be acknowledged and incorporated into effluent management systems, even though they might affect the means and SE values for the various water quality parameters.
Effluent quality changes during surface storage
Irrespective of the differences in storage pond design, capacity or retention times the values for practically all quality parameters studied during storage, i.e. nutrients, COD, TSS and faecal coliforms, were significantly higher at the storage pond outlets than at the inlets ( Table 2 ). The only exceptions were the lower TSS at the WWTP 2 outlet and the lack of a significant difference between the inlet and outlet pairs for COD at WWTP 2 and ammonia-N at WWTP 3. The greatest changes during storage occurred in faecal coliform concentrations, as illustrated for WWTP 2 in Figure 2 , with increases of one or two orders of magnitude observed across the three WWTPs (Table 2 ). In terms of quality variation over time, the standard errors of the means were low for the majority of quality parameters at inlet and outlet sites. However, instances of higher variability were noted for ammonia-N and oxidised-N values which reflect the higher percentage of outlier and extreme values reported for these parameters (Table 2 ).
These results indicated that various water quality characteristics deteriorated during short-term storage in open, surface ponds. However, it was the substantial increase in faecal coliform counts during storage that was of particular concern. These findings support those of The mean log 10 (faecal coliform þ 1) values at the pond outlets were 2.6, 1.7 and 2.2 for WWTPs 1, 2 and 3, respectively (Table 2) . Thus, the WWTP with the highest faecal coliform levels at the pond outlet, WWTP 1, had the lowest total chlorine values at the pond inlet. These findings support those of Shuval et al. (1973) who found that regrowth of coliforms in chlorinated effluent held in a storage reservoir appeared inversely correlated to the residual chlorine in the storage reservoir. After the study period from which the data was obtained, the total chlorine at the pond inlet for WWTP 1 was increased to 3.1^0.21 mg l 21 and the retention time reduced to , 24 hours. These operational changes were maintained for 4 months during which time the mean log 10 (faecal coliform þ 1) value at the pond outlets was reduced from 2.65^0.04 to 1.1^0.16. Even though these combined changes to pond management were not implemented in a manner to enable the cause of the reduction to be identified, the results demonstrate that they were effective at reducing faecal coliform levels.
Effluent quality changes with flow, rainfall and temperature
In this study, WWTPs 1, 2 and 3 processed average sewage inflows of 71,500 (56,800 -197,400), 33,500 (25,600 -86,300) and 26,500 (19,700-69,200) respectively. Only one-third (32%) of the correlations between sewage inflow and water quality values at the pond inlet and outlet sites were significant ( p , 0.01) ( Table 3) .
As the WWTPs were designed to produce effluent of a specified quality at up to three times the average dry weather flow, it was not unexpected to find that sewage inflow had a minimal correlation with effluent quality. The annual rainfall was 800, 1,500, 1,200, 1,600 and 1,500 mm (Table 3) . However, despite the low number of significant correlations between water quality parameters and either rainfall or flow, 44% of the water quality outliers occurred after higher than average rainfall or flow events. During this study, the mean water temperature prior to the pond inlet was 22.68C (17 -288C) and 60% of pond inlet and outlet water quality values were significantly ( p , 0.01) correlated with the pond inlet water temperatures ( Table 3 ).
The majority (64%) of the correlations of water quality, with flow, rainfall or temperature, were not significant ( p , 0.01). Those that were statistically significant displayed varying trends across the three WWTPs and had low correlation coefficients, ranging from 2 0.17 to 2 0.55 for sewage inflow, 0.14 to 2 0.32 for rainfall and 2 0.16 to 2 0.48 for temperature (Table 3 ). The only instances where all three WWTPs showed the same significant trend were a negative correlation between pond influent temperature and pond inlet total suspended solids, pond outlet ammonia or oxidised-N and a positive correlation between pond inlet temperature and faecal coliforms (Table 3) .
Risk assessment and water recycling guidance
In Australia, effluent reuse schemes can be introduced determining the suitability of the recycled water for its intended use, is variously stated to be prior to storage, at the entry to the distribution system or at the point of supply.
Two guidelines acknowledge the health risk of recycled water contamination during storage yet recommend that the microbiological monitoring point to determine suitability be upstream of any storage (Table 1) .
A quantitative microbial risk assessment of the recycled water, from the WWTPs used in this study, identified that even though the increased health risk to users due to microbial changes during storage would be small, it could potentially exceed the ,10 26 DALY recommended in the national guidelines (Deere et al. 2007) . Ensuring that the permissible uses of the recycled water were allocated according to the quality of the water leaving, rather than entering, the storage ponds would mitigate this risk. Consequently the monitoring point for recycled water quality should be downstream, not upstream, of any recycled water storage ponds located at the WWTPs.
Previous comparison of recycled water guidelines and effluent discharge licences has identified the detrimental lack of integration between the two advisements: for example, when E. coli is specified for one and thermotolerant coliforms for the other, an additional biochemical confirmation test is required to count both indicators, which adds to the monitoring cost (Higgins et al. 2004) .
Current licence conditions for the discharge of effluent from secondary treatment plants to land or water in Queensland require faecal coliform levels to be generally (90 percentile)
,150 with a maximum of 600 CFU/100 ml. Queensland guideline (Government of Queensland 2008) indicator levels for recycled water, however, are set at logarithmic intervals for E. coli which illustrates the continuing need for integration of the two advisements. In this study, using
WWTPs with short-term storage in open lagoons, the high level of compliance (generally above 95%) with discharge or reuse quality objectives at the pond inlets is reduced across the three WWTPs to between 13% and 60% at the pond outlets (Table 4) 
CONCLUSIONS
This study was undertaken using water quality data collected over a five year period to examine the effects of short-term storage at three WWTP sites. The main conclusions derived from this investigation were that: † significant changes occurred in the chemical and bacterial quality of water, reclaimed from sewage at biological nutrient removal plants, during subsequent short-term storage in open ponds at the treatment plants † the majority of the correlations of water quality, with sewage inflow, rainfall or pond influent temperature, were not significant. Temperature was the only factor where a significant trend was apparent, at all three WWTP pond outlets, through a negative correlation with nitrogenous nutrients and a positive one with faecal coliforms † the most likely cause of the water quality changes during storage, in this instance, was contamination from avian faeces but further research is required to establish causality NC ¼ not collected; Water quality objective (E. coli or thermotolerant coliforms) and designated uses of recycled water: , 1 CFU/100 ml: dual reticulation for indoor or outdoor use, municipal use with unrestricted access, commercial food crops consumed raw or unprocessed; , 100 CFU/100 ml: municipal use with restricted access and application, commercial food crops with harvesting and irrigation restrictions; ,1,000 CFU/100 ml: municipal use with enhanced restrictions on access and application, landscape irrigation with irrigation and access controls, commercial food crops processed before consumption or with no ground contact; ,10,000 CFU/100 ml: irrigation of non-food crops with restricted access and irrigation controls. * Not required for current guidelines or discharge licence compliance. † faecal coliforms, nutrients and COD increased during surface storage; the magnitude of the increase in faecal coliforms was such that it could limit the guideline uses of the recycled water. The high level of compliance (generally above 95%) with discharge or reuse quality objectives at the pond inlets was reduced across the three WWTPs to 13-60% at the pond outlets † management of effluent storage at wastewater treatment plants could be enhanced by the integration of monitoring requirements for operational discharge licences with recycling guidelines and by monitoring all water quality parameters, including microbiological ones, at the point of entry into the recycled water distribution system, after storage at the treatment plant, rather than at the end of the treatment process post-disinfection.
